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ABSTRACT 
The goal of this study was to investigate the complex co-transport of nitric oxide (NO) and oxygen (O2) 
in a paired arteriole-venule, surrounded by capillary-perfused tissue using a computer model. Blood flow was 
assumed to be steady in the arteriolar and venular lumens and to obey Darcy’s law in the tissue. NO 
consumption rate was assumed to be constant in the core of the arteriolar and venular lumen and to decrease 
linearly to the endothelium. Average NO consumption rate by capillary blood in a unit tissue volume was 
assumed proportional to the blood flux across the volume. Our results predict that: 1) the capillary bed, which 
connects the arteriole and venule, facilitates the release of O2 from the vessel pair to the surrounding tissue; 2) 
decreasing the distance between arteriole and venule can result in a higher NO concentration in the venular 
wall than in the arteriolar wall; 3) in the absence of capillaries in the surrounding tissue, diffusion of NO from 
venule to arteriole contributes little to NO concentration in the arteriolar wall; and 4) when capillaries are 
added to the simulation, a significant increase of NO in the arteriolar wall is observed.  
Keywords: Nitric Oxide, Oxygen, Mathematical Modeling, Mass Transport 
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INTRODUCTION 
The paired structure of venule and arteriole is an important factor in regulating blood flow in response 
to change in tissue metabolism. An increase in the tissue metabolism rate can lead to dilation of the arteriole, 
resulting in the elevation of blood flow, bringing additional nutrients and O2 into the tissue and removing 
metabolic byproducts. Satio et al.33 applied 2,4-dinitrophenol (DNP) to the hamster cremaster muscle to 
increase the local tissue metabolic rate and found that the arteriolar diameter was increased significantly. The 
arteriolar dilation was attenuated if the paired venule was occluded. This observation suggested that diffusion 
of substances between paired venule and arteriole plays an important role in regulating blood flow in the artery. 
However, the precise mechanisms governing blood flow regulation in the paired arteriole-venule structure 
have not been elucidated. 
One of the proposed mechanisms is related to NO transport between the paired arteriole and venule. 
Falcone and Bohlen15 observed significant arteriolar dilation by applying acetylcholine near the venular wall. 
The authors also found that methylene blue and dithiothreitol, which are inhibitors of endothelial derived 
relaxing factor (EDRF) actions, can greatly attenuate vasodilation, but can not inhibit vasodilation caused by 
the application of adenosine, an endothelium-independent dilator. Their results suggested that transport of 
EDRF between the venule and arteriole caused arteriolar vasodilation. Boegehold1 occluded “one branch of 
an arcade venular bifurcation with divergent flow”, thus increasing the blood flow and shear rate in the venule. 
They found that the occlusion resulted in the vasodilation of the paired arteriole. The dilation was greatly 
attenuated by applying NG-monomethyl-L-arginine (L-NMMA), a NO synthase inhibitor. Falcone16 isolated 
segments of paired arteriole and venule from skeletal muscle and applied acetylcholine  and bradykinin (BK) 
to the venular lumen. The diffusion of acetylcholine and BK from the venular lumen to the arteriole produced 
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pronounced vessel dilation. The dilation was completely abolished by the application of L-NMMA to the 
tissue. These experimental observations indicated that NO released from venules is important to the vascular 
tone regulation of the adjacent arteriole. 
There are a number of uncertainties regarding the mechanisms by which NO regulates vessel tone. 
One is whether the capillary bed releases NO, and if so, whether the released NO affects vascular tone. There 
is a paucity of experimental reports regarding NO release from the capillary endothelium, partly due to the 
difficulty of isolating the capillaries from the vascular bed. However, due to the abundance of capillary 
endothelial cells, it may be assumed that they either form an NO source or that they contribute to NO transport 
between arterioles and venules. Mitchell and Tyml28 used intravital microscopy to observe the capillary 
response to local application of L-NAME, a NO synthase inhibitor, and bradykinin, a NO synthase stimulator. 
The authors found that locally applied L-NAME can reduce the RBC flux and velocity in the capillaries 
significantly, but had no effect on the feeding arteriole and draining venule. They also reported that locally 
applied BK, on the other hand, can cause pronounced increases in RBC velocity in the capillary and give rise 
to remote arteriolar dilation. They concluded that NO is released from capillaries, affecting arteriolar tone. 
Another factor that plays an important role in NO control of vessel tone is its co-transport with O2. 
Oxygen is required for the generation of NO from the guanidine-nitrogen terminal of L-arginine under the 
catalysis of NOS7. Since the intracellular L-arginine level is higher than necessary for this reaction, NO 
production rate is mainly determined by O2 once eNOS is fully activated17. Both in vivo and in vitro 
experiments have shown that variation of O2 availability within the physiological range can result in 
significant changes in NO synthesis in vascular endothelial cells29, 46. Furthermore, O2 competes with NO for 
the binding site of cytochrome-c-oxidase in the mitochondria, affecting the respiratory chain4. Moreover, the 
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O2 distribution in tissue is significantly affected by the paired pattern of arterioles and venules as well as the 
“crossing capillaries”23. This non-uniform O2 distribution further complicates the transport of NO around the 
arteriole and venule pair.  
Previous models of NO transport between closely paired arteriole and venule are scarce. The only one 
appearing in the literature, to authors’ best knowledge, is a two dimensional, planar model developed by 
Kavdia and Popel22. In this model, an arteriole was assumed to reside in very close proximity to a venule (25 
µm between arteriolar and venular wall), capillaries were assumed to be uniformly distributed far away from 
the arteriole and venule, but not around or between them. The capillary endothelium was assumed to produce 
NO at a constant rate of 0.086 µM/s. The authors varied the NO production rate from the arteriolar and venular 
walls and found that NO transport between the arteriole and venule is possible and may be important for 
vessel tone regulation. However, this model did not consider the effect of O2 availability or convection on NO 
distribution, nor the possible presence of capillaries crossing the space between the arteriole and venule23. 
Mathematical models of O2 transport around parallel vessels, on the other hand, are more abundant. 
Sharan and Popel et al.35 modeled O2 transport around paired arterioles and venules without capillaries. They 
found that, under normal conditions, the change in PO2 along the axial direction of the venule is small; 
however, it can be significant if the ratio of venular flow to arteriolar flow is very small. Secomb and Hsu34 
developed a mathematical model to study O2 transport around two arterioles that are aligned nearly in parallel. 
Their simulation included capillaries, assumed to be present in the tissue near the arterioles. Their 
computations suggested that a significant amount of O2 diffused from the arteriole to the capillaries. However, 
all of these models did not consider the presence of radial O2 gradients inside the vessel lumen, as has been 
observed in experiments23. 
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The goal of this study was to investigate, using a computer model, the co-transport of NO and O2 in a 
paired arteriole-venule, surrounded by capillary-rich tissue.  
 
MATHEMATICAL MODEL 
MODEL DISCRIPTION 
We considered NO and O2 transport in a capillary-perfused tissue cuboid containing two parallel 
straight tubes: an arteriole and a venule. The model consists of five regions: arteriolar core, arteriolar 
RBC-poor layer, venular core, venular RBC-poor layer and capillary-perfused tissue. The endothelial layer 
and glycocalyx layer on the wall of the arteriole and venule were represented as infinitesimally thin surfaces 
due to their relatively small thicknesses. Blood was assumed to be a continuum of hemoglobin solution. Blood 
flow was assumed to be steady both in the vessel lumens and in the capillary-perfused tissue. The model 
geometry is shown in Figure 1, and the model parameters are defined in Table 1. 
GOVERNING EQUATIONS 
• RBC-rich core and RBC- poor layers of arteriole and venule 
NO and O2 distributions inside the vessel lumens were assumed to be governed by general mass 
transport equation10, 25. The main mechanisms of luminal transport of O2 were assumed to be governed by 
diffusion and convection, and the main mechanisms of luminal transport of NO considered in the present 
model were diffusion, convection and consumption by hemoglobin. The autooxidation of NO by O2 was 
ignored in the present model due to their low reaction rate7.  
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In the above equations, αO2 is the O2 solubility,  and  are diffusion coefficients for O2 and NO  
in the vessel lumen respectively,  is O2 partial pressure, C(x,y,z) is the O2 carrying ability of blood, 
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 is the slope of the oxyhemoglobin equilibrium curve computed from a modified Easton Model6, CNO 
is NO concentration, v=(vx, vy, vz) is the blood velocity, and ),, zyx(λ  is the NO scavenging rate by 
hemoglobin.  
Blood flow inside the arteriolar and venular lumen was modeled as fluid flow in a tube with porous 
walls. The velocity profiles inside the arteriole and venule were solved based on Weinbaum’s method45. 
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Within the venular lumen: 
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where u and v are velocity components along the longitudinal and radial direction in the vessel lumen; 
Vmax,a and Vmin,v are the peak velocities at the inlet of arteriole and venule respectively; ra=((x-xc1)2+(y-yc1)2)1/2 
and rv=((x-xc2)2+(y-yc2)2)1/2  are the radial distances away from the arteriolar (xc1,yc1) or venular axis (xc2,yc2); 
c1 and c2 represent the centers of the arteriole and venule, Lz is the length of the venule and the arteriole, q is 
the ratio of blood being shunted from the arteriole to the venule via capillaries to that entering the arteriole at 
its inlet, R2,a and R2,v are the radii of the arteriolar and venular lumen, and the subscripts a and v represent 
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arteriole and venule respectively.  
We incorporated the Fåhraeus effect in our model by assuming a RBC rich region and a RBC poor 
layer in both the arteriole and venule14. We assumed the hematocrit to be independent of the vessel length. The 
hematocrit was assumed to remain constant (Hcore) in the RBC rich region in the central lumen, and then 
decrease linearly in the RBC poor region in both the arteriole and venule. The hematocrit (Hwall) at the blood 
wall interface was assumed to be the product of the capillary hematocrit19 and fractional capillary volume44. 
Using the same notation as equation (2) – (5), the hematocrit in the arteriolar and venular lumen were assumed 
to be: 
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where Hcore,n was related to the systemic hematocrit (HD) with an appropriate mass balance10 and R1,n is the 
radius of the RBC rich core. Note that Equation 6 was used to describe the hematocrit for both the arteriole 
(n=a) and the venule (n=v).  
C(x,y,z) and λ(x,y,z) were represented by the following approximations: 
D
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zyxHzyx ),,(),,( λλ =           (7) 
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where bλ  and Cmax are the NO scavenging rate and the maximum O2 carrying capacity of blood at a 
systemic hematocrit of 45% respectively8.  
• Capillary-perfused tissue 
We used the term “capillary” to represent small vessels that surround the arteriole and venule pair in 
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the tissue. Although there are larger and more sparsely distributed vessels than capillaries (pre/post-capillary 
vessels) in tissue layers adjacent to the arteriolar and venular wall, the typical thickness of and vessel 
distributions in the layers are not known. For simplification, we assumed that the vessel distribution 
surrounding the vessel pair in tissue was uniform and the capillaries-perfused tissue was modeled as a porous 
media. We used streamlines to approximate the capillary flow in the tissue. Similar techniques were used by 
Popel et al. 31 and Weerappuli et al. 44. They developed continuum models to consider O2 transport in 
capillary-perfused tissue surrounding a central arteriole or venule. Capillaries were assumed to be distributed 
in the tissue and were approximated using streamlines. Hsu and Secomb approached the same problem by 
replacing the capillary blood flow field with an array of capillaries 20. They showed that the capillary locations 
in the vicinity of the arteriole affect arteriolar O2 loss. However, the arteriolar O2 efflux calculated by Hsu and 
Secomb was comparable to that predicted by Weerappuli. This suggests that the treatment of 
capillary-perfused tissue as a continuum may be a reasonable simulation of O2 transport around an arteriole or 
a venule. A more sophisticated model with detailed 3-dimensional vessel network structure in order to include 
the effect of pre/post-capillary vessels on NO transport needs to be developed in the future.  
With the porous media assumption, the transport of NO and O2 were approximated by: 
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where RO2,t and RO2,c are the O2 consumption rates by tissue and capillary endothelium respectively, λt and λc 
correspond to the NO scavenging rates by tissue and capillary blood, and  v=(vx,vy,vz) is the blood flow 
distribution in the capillary-embedded tissue.  
Blood was assumed to exit the arteriole through the wall and into the capillary-perfused tissue at a 
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constant rate and enter the venule. Blood flow in the capillary-perfused tissue was approximated using 
Darcy’s Law. The capillary blood flow distribution in the tissue was determined using capillary blood pressure 
of 22.6 Torr11 , blood velocities normal to the arteriolar and venular wall (Va* and Vv*) from equations 3 and 5, 
and the blood permeability in tissue estimated as 0.5(Va*+Vv*)Lavw/(42.4Torr-14.2Torr)11. The blood velocity 
component along the vessel axes was neglected.  
NO production in the tissue was assumed to originate only from the capillary endothelium. The NO 
production rate of the capillary endothelium (cRNO) was assumed to be the same as in the arteriolar 
endothelium: 
mO
O
NONO KP
P
RaR +=
2
2
max , where RNOmax is the maximum NO production rate of the arteriolar 
endothelium, and Km = 4.7 Torr is the PO2 value when the NO production is at its half maximum rate32. Since 
we assumed that the capillaries were uniformly distributed in the tissue, the tissue NO production is only 
dependent on the density of the capillary endothelium and the availability of O2 in tissue. Using capillary 
density of 1435 per mm2 radius of 1.8 μm12 and endothelium thickness of 0.3 μm39, NO production rate in a 
unit volume was calculated to be NONO aRcR ×= 005272.0 .  
NO in the capillary embedded tissue is scavenged by the tissue cells and capillary blood. NO 
consumption by the tissue cells was assumed to obey a pseudo-first order reaction with a reaction rate 
NOt C×λ 7, where tλ =5s-1 is a pseudo first order rate constant for NO scavenging by soluble guanylate cyclase 
and was chosen from the range reported in the literature37, 41. The average scavenging rate of NO by blood in 
any location inside the tissue should be proportional to the amount of blood flowing across the location, 
therefore we assumed *5.382*0146.0
aD
cap
t V
V
H
H=λ , where 22 yx vvV +=  is the blood flux in tissue, 0.0146 
is the fractional capillary volume12. 
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O2 is consumed by the metabolic activity of tissue cells and NO production of the capillary 
endothelium. O2 consumption by tissue cells was coupled with that of NO by using a modified 
Michaelis-Menten kinetics7: 
mO
O
tO appKP
P
QR +=
2
2
max,2           (14) 
where Qmax is the maximum consumption rate of the vascular wall or the surrounding tissue, and 
. In previous models for O2 transport based on O2 consumption with 
Michaelis-Menten kinetics, Km has usually been assumed to be a fixed constant. The Michaelis-Menten O2 
consumption model was found to provide the best fit for experimental  PO2 gradient measurements in brain 
slices and liver slices, compared to some other O2-dependent O2 consumption models 5. In an early control 
model for O2 delivery and utilization in rat skeletal muscle, Granger and Shepherd18 proposed an O2 
consumption rate that varies with PO2, assuming a “hyperbolic function” of mitochondrial O2 uptake for PO2 
than 5 Torr and a constant (zero order) reaction rate for PO2 above 5 Torr. In the modified Michaelis-Menten 
kinetics proposed by Buerk7, the Km value was assumed to be dependent on NO concentration, based on 
reported effects of NO on O2 consumption in the literature. The value for Qmax of the surrounding tissue was 
chosen to be close to that estimated by Tsai et al.38. The amount of O2 consumed by the capillary endothelium 
for NO production was assumed to be 2 times NO production by capillary eNOS , i.e., RO2,c=2tRNO9. 
))027.0/1(0.1 NOm CappK +×=
BOUNDARY CONDITIONS 
We assumed zero mass flux at the outermost surface of the capillary-embedded tissue cuboid for both 
O2 and NO except at the inlet of the arteriole and venule. At the inlet of the arteriole (z=0), PO2 in the 
RBC-rich region was specified to be constant (PO2,amax = 58.59 Torr, corresponding to 60% hemoglobin 
saturation). At the inlet of the venule, the amount of O2 flowing into the RBC-rich region was set to be the 
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product of PO2,vmax and the cross-sectional area of the venular core (PO2,vmax =31.28 Torr, corresponding to 
30% hemoglobin saturation). The O2 level and the geometrical dimension of the arteriole-venule pair were 
close to the measurements reported by Kobayashi23.  
               at (
⎩⎨
⎧
=∇⋅
=
0)(
max
,2 2
NONO
aO
CnD
PPO
1,
2
1
2
1 )()(0,0 acc Ryyxxz <−+−≤= )      
and              
⎪⎪⎩
⎪⎪⎨
⎧
=∂
∂+∂
∂
=∫∫
0)(
2
1,
max
,2 2
y
C
x
C
D
RPdsPO
NONO
NO
vvO
Entry
Venule
π
 at ( 1,
2
2
2
2 )()(0, vcc RyyxxLz <−+−≤= ).   (15) 
CNO and PO2 partial pressures were assumed to be continuous across the endothelial surface, and the 
mass flux of each species entering and leaving the interface was related by:  
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where n is the normal vector to the vessel wall, RNO is the endothelial NO production rate used in our previous 
models10, 25, δe is the thickness of the endothelial layer and was set to be 1 µm for both arteriole and venule, 
and 0146.0
45.0
5.382 capwall
H=λ . 
The sets of coupled partial differential equations written for the model were solved by finite element 
method using commercial software (FlexPDE 4, PDESolutions, Antioch, CA). The cubic element type was 
chosen for the FEM analysis, and the mesh densities were adaptively refined in our simulations to ensure a 
relative accuracy of 0.0001 to our numerical solutions. 
 
Results 
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Figure 2A, 2B, 3A and 3B show cross-sectional profiles for NO concentration and O2 partial pressure 
as a 2-dimensional longitudinal slice depicted as the A1A2 surface in Figure 1. Figure 2C, 2D, 3C and 3D 
show NO concentration and O2 partial pressure at a 2-dimensional XY slice in the middle of the vessel pair 
(Z=Lz/2). Figure 4 shows NO concentration and O2 partial pressure at the intersection of surfaces A1A2 and 
Z=Lz/2. The white dashed lines in Figure 2 and 3 represent the axes of the arteriole and venule. The distance 
between the arteriole and venule wall (Lavw) was set to 100 µm. An endothelial NO production rate of 300 
μM/s for the capillaries, arteriole and venule were used. The blood shunting ratio,  defined as the fraction of 
the arteriolar blood flow that exits the arteriole and returns to the venule via the capillaries, was set at q=q0. q0 
was estimated to be 0.174 based on a blood permeability of 0.0005425 m3 blood/s / m3 tissue 3. 
Figure 2A and 2B compare NO concentration profiles on the A1A2 surface computed in the presence 
or absence of capillaries respectively. There is pronounced difference in NO distribution around the arteriole 
and venule along their longitudinal axes due to the presence of capillaries. In the presence of capillaries, NO 
levels around the arteriole and venule are highest at the vessel inlet, decreasing along the blood flow direction. 
However, the NO concentration profile remains nearly unchanged along the vessel axis when capillaries are 
not included in the model.  
Figures 2C and 2D compare NO concentration profiles on the Z=Lz/2 surface computed in the 
presence or absence of capillaries respectively. Most importantly, note that NO levels were significantly 
enhanced due to the presence of capillaries.  
Figure 4A shows a quantitative distribution of NO concentration at the intersection of surfaces A1A2 
and Z=Lz/2. Due to the presence of capillaries, peak NO concentration increases from 320.2 nM to 360.4 nM 
in the arteriolar wall closest to the venule, and from 324.3 nM to 359.1 nM in the venular wall closest to the 
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arteriole. In the absence of capillaries, NO concentration drops sharply from the vessel walls to the 
surrounding tissue. In contrast, in the presence of capillaries, the drop in NO concentration in the tissue away 
from the vessel walls is more gradual. Furthermore, NO concentrations around the vessel pair are higher in the 
region of the arteriole side than the venule side. 
Figure 3 compares the effect on O2 transport due to the presence of capillaries around the 
arteriole-venule pair. Figure 4B shows a quantitative distribution of PO2 at the intersection of surfaces A1A2 
and Z=Lz/2. It suggests that O2 level is significantly elevated due to the presence of capillaries around the 
vessel pair. The elevation is more pronounced in the tissue region close to the venular and arteriolar inlet 
(Figures 3A and 3B). O2 profiles inside the venular lumen are less axially symmetric for simulations with 
(Figures 3A and 3C) than without capillaries in tissue (Figures 3B and 3D). Regardless of the presence or 
absence of capillaries around the vessel pair, O2 levels are higher in the portion of the venular lumen closer to 
the arteriole than away from the arteriole and O2 levels in the arteriolar and venular lumen decrease along the 
blood flow direction. 
Figure 5 shows the effect on O2 delivery to tissue as the fraction of blood shunted from the arteriole to 
the venule via capillaries is varied. The distance between the arteriole and venule wall was set to be 100 µm, 
and RNO for the arteriole, venule and capillary endothelium were set to be 150 µM/s each. The amount of 
oxygen delivery from blood to tissue was calculated based on:  
O2 delivery = ,     (17) 
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equation (8). A normalized ratio of 0 in the figure represents the absence of capillaries around the 
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arteriole-venule pair and a ratio of 1 corresponds to a shunted ratio q0. O2 delivery at normalized shunted 
blood ratio=1 was calculated to be 2.6×10-7 ml O2/s. This demonstrates that the presence of capillaries and 
increased amount of blood being shunted from arteriole to venule significantly increase O2 delivery to tissue.  
Figure 6 depicts the effect on NO distribution when the venular endothelial NO production rate (vRNO) 
is increased from 50 µM/s, to 150 µM/s and to 300 µM/s. Capillaries were assumed to be present around the 
arteriole and venule. RNO for the arteriole and capillary endothelium were set at 50 µM/s in all simulations. 
Note that the elevation of vRNO increases NO levels around the arteriole significantly when the distance 
between the two vessels is small. The increase is more pronounced in the region closer to the venular wall. 
Figure 6A shows that peak NO concentration in the arteriolar wall increases from 60.5 nM to 75.1 nM. 
However, increasing venular RNO has an insignificant effect on NO level around the arteriolar wall when the 
two vessels are far away (Figure 6B). 
Figure 7 shows the effect on O2 and NO transport when varying the distance between the arteriole and 
venule (Lavw). The O2 profile in the venule is skewed and displaced toward the arteriole as the distance 
between the arteriolar and venular walls decreases. It remains nearly parabolic if the distance is more than 200 
µm. The O2 profiles in the arteriole appear not to vary with the distance between the vessels. NO 
concentration can be higher in the venular wall than the arteriolar wall when the two vessels are very close. 
NO concentration in the vicinity of the venular wall is approximately axi-symmetric when the distance 
exceeds 150 µm. 
 
 
Discussion 
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The results of our numerical simulations suggest a number of factors that affect NO and O2 transport in 
and around paired arterioles and venules. These factors include the presence of capillaries, the distance 
between paired arteriole and venule, and venular NO production rate. Our results suggest that endothelial cells 
in the capillaries that traverse the surrounding tissue form a potential NO source, important for sustaining the 
basal NO level in tissue. Capillaries also appear to contribute to NO transport between arterioles and venules. 
Increased NO production in the venular wall may elevate NO around the arteriole when the paired vessels are 
close to each other. Our computations also suggest that increased capillary blood flow enhances O2 delivery to 
tissue. 
 
Comparison of Calculated NO distribution with Experimental Measurements 
Results of in vivo measurements of CNO around paired small artery and small vein have been reported 
in the literature.  Most of the experimental results are similar to the results of our simulation of a paired 
arteriole-venule. Bohlen2 measured NO on the walls of the small arteries (diameter=128±80 μm) and veins 
(diameter=283±18 μm) of rat intestine using recessed-tip NO sensitive microelectrodes, and obtained resting 
NO concentrations of 353±28 nM  around small arteries, 401±48 nM around small veins and the average of  
the two values in tissue. Nase et al.29, 46  measured NO concentrations in rat intestine. They reported values 
during normoxia of 397±26 nM in the vicinity of the arteriolar wall, 298±34 nM in the vicinity the venular 
wall and 100 nM in the tissue 100 μm away from the arteriole. Vukosavljevic et al. 42 also obtained NO 
concentrations of 338 ±40 nM and 313±48 nM around arteriolar and venular wall respectively in the 
mesentery and intestine. NO concentration in tissue was not reported in this experiment. Our model predicts 
NO concentration of 360.4 nM in the arteriolar wall, 359.1 nM in the venular wall and around 160 nM in the 
 16
tissue 100 μm away from the arteriolar wall, using RNO=300 μM/s for the arteriolar, venular and capillary 
endothelium, a distance between the arteriolar and venular walls of 100 μm, a rate of NO scavenging by tissue 
of 5s-1, and a rate of NO scavenging by blood of 382.5 s-1 at 45% systemic hematocrit (Figure 4). 
When capillaries were removed from the simulation, NO concentrations decreased to 320.2 nM in the 
arteriolar wall and 324.3 nM in the venular wall. Furthermore, the concentration drops sharply to zero in the 
tissue surrounding the arteriole (Figure 4), suggesting that the presence of capillaries in tissue is important for 
NO transport around the paired vessels.  
 
The influence of capillaries on NO transport 
There are a large number of capillary endothelial cells in perivascular tissue around venules and 
arterioles, and expression of eNOS has been shown in capillary endothelium. Kashiwagi et al. performed 
immunohistochemical analysis for iNOS, nNOS and eNOS in mesenteric tissue21. They found that there was 
eNOS expression in venules, capillaries and arterioles, and they showed that the expression of eNOS is higher 
in venules and capillaries than in arterioles. They found that there was also nNOS expression in mast cells and 
nerve fibers that innervate the arterioles. Other studies suggest that it is eNOS rather than nNOS that is most 
important to NO production13, 24. 
The presence of eNOS in the capillary endothelium enables the capillaries to play an important role in 
NO communication between the paired arteriole and venule. Mitchell and Tyml28 applied L-NAME  and BK 
to the capillary bed between an arteriole-venule pair in rat skeletal muscle. They observed that L-NAME, 
which inhibits NO production by eNOS, caused significant reduction of blood flow through the capillaries. 
Local application of BK, which stimulates NO production, was found to cause pronounced increase in 
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capillary blood flow and remote arteriolar dilation. Nellore and Harris30 measured NO concentration close to 
coupled arteriole and venule in healthy and diabetic rat mesentery using fluorescent 
diaminofluorescein-2-diacetate (DAF-2DA). Their results suggested that arteriolar dilation is positively 
correlated to the venular shear rate elevation in the healthy rat; however, this correlation disappeared in the 
diabetic rat. They also observed that NO concentration level in the diabetic rat was significantly lower than 
that in the healthy rat. They hypothesized that it is poor capillary perfusion in diabetes that resulted in these 
observations. Our simulations, which are consistent with this observation, suggest that the presence of 
capillaries aid in sustaining a basal level of NO concentration around the arteriole-venule pair, making 
arteriole-venule communication possible (Figure 2), while the absence of capillaries diminishes NO 
communication between the arteriole and venule. Our results are also consistent with the results from a model 
of NO capillary exchange by Tsoukias and Popel39, which predicted that in the absence of myoglobin or 
plasma-based hemoglobin, capillaries can augment NO concentration in tissue somewhere between 20 to 300 
nM.  
 
The influence of the distance between the arteriole and venule on NO transport 
The results of our simulations indicate that the distance between the paired venule and arteriole has a 
considerable effect on O2 and NO transport. Some measurements of NO  have shown a higher concentrations 
of NO in the arteriolar wall than in the venular wall42, whereas others, have reported the opposite2. One 
possible reason may be the different NO synthase protein level/activity in venular and arteriolar endothelium43. 
Our model shows that another factor, the distance between the arteriole and venule, may also contribute to 
previously observed differences (Figure 7). Our model demonstrates that when the distance between the 
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arteriole and venule is small, NO concentration in the arteriolar wall may be lower than that in the venular wall, 
although O2 and NO distributions are mainly determined by the arteriole. When the distance is large, NO 
concentration is higher in the arteriolar than the venular wall, and transport of O2 and NO between the venule 
and arteriole are no longer coupled.  
In our model, we assumed that the endothelial layers on both arteriolar and venular wall have equal 
thickness. Also in the set of simulations for Figure 7, the NO production ability of the arteriolar endothelium 
was assumed to be the same as that of the venular endothelium. Since the radial size of the venule is larger 
than that of the arteriole, there are more endothelial cells in the venular wall. Therefore, under such conditions, 
it is reasonable to have higher NO concentration in the venular than arteriolar wall when the distance between 
the paired vessels is small. 
NO release from venules has been reported to be involved in regulating vascular tone of the coupled 
arteriole. Whether this regulation is controlled by pure diffusion of NO from venule to arteriole is not fully 
understood. The results of our model suggest that increasing NO production in the venular wall may elevate 
NO levels around the arteriole if the distance between the arteriole and venule is small (Figure 6). This result 
is consistent with the conclusion from a two dimensional NO diffusion model by Kavdia22, in which a 
constant PO2 of 15.5 Torr was assumed to be everywhere, and the distance between arteriole and venule was 
set at 25 μm. However, increasing NO production rate of the venular endothelium up to 6 times of the 
arteriolar endothelium had a very limited effect on NO in the arteriolar wall if the distance between the two 
vessels was increased to 150 μm. Since the distance between a paired arteriole and venule normally varies 
between 0 and 200 μm26, this suggests that diffusion of NO from venular endothelium is very unlikely to be 
the only factor regulating arteriolar tone if the distance between arteriole and venule is large. Other NO related 
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factors, which are still not fully understood, may be involved. 
 
The influence of O2 availability on NO synthesis 
Since generation and transport of NO in vivo are closely linked to O2, we incorporated O2 as an 
essential component of our model. One role of O2 is to participate in the production of NO from the 
guanidine-nitrogen terminal of L-arginine under the catalysis of NOS. The general agreement in the literature 
is that an increase in O2 causes greater NO production by eNOS and the NO production rate can be fitted by 
Michaelis-Menten kinetics. Early research on isolated NO synthase from cultured bovine aortic endothelial 
cells reported a low Km value of 4.7 Torr for O232. Whorton et al. investigated the effect of varying O2 
concentrations on NO production by measuring nitrite (NO2-) and nitrate (NO3-) production by intact vascular 
endothelial cells. They found that half maximal NO production rate occurred at a PO2 level of 38 Torr46. 
However, there is experimental evidence that contradicts this predicted O2-dependent behavior. Nase and 
Tuttle, using NO-sensitive microelectrodes to measure perivascular NO concentration in rat intestine, found 
that reduced perivascular O2 concentration increased NO release from endothelial cells29. They hypothesized 
that the arteriolar endothelial cells might have an O2 sensing mechanism that relates its NO synthesis ability to 
reduced O2. There are several possible ways that perivascular NO might increase during hypoxia. For example, 
there could be greater NO production due to higher shear stress with increased flow during hypoxic 
vasodilation that offsets any decrease in O2-dependent NO production. Also, calcium-dependent NO 
production might increase if there is a rise in endothelial intracellular calcium during hypoxia. Another 
alternative is release of NO from stores in tissue or blood under hypoxic conditions. These mechanisms were 
not investigated in our model.  
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Nevertheless, these in vitro and in vivo experiments indicated that variation of O2 availability within 
physiological range can result in significant change of NO synthesis in vascular endothelial cells. Since O2 
partial pressure in distal vascular beds varies between 0 to 40 Torr, we found it necessary to include O2 in our 
NO transport model. This was supported by results of our simulation, suggesting that a pronounced 
convection effect on O2 profiles occurs along the axes of blood vessels, accompanied by NO profile variations 
(Figure 2 and 3). 
 
The influence of the capillaries and arteriole-venule pair on O2 transport 
Our simulations indicate that O2 levels in the tissue surrounding the paired venule-arteriole were 
elevated significantly due to the presence of capillaries (Figure 4). The calculated O2 delivery is about 23% - 
33% higher in simulations in the presence of capillaries and blood shunt ratio q0=0.174 than with no 
capillaries in the surrounding tissue. Increased blood flow in capillaries can also elevate O2 delivery from 
blood to tissue, indicating that the capillaries surrounding the paired arteriole and venule can also facilitate O2 
release from the arteriole -venule pair to the tissue. Our results may explain the experimental observation that 
O2 loss from arterioles is one order of magnitude higher than the theoretical estimate31.  
Our results also suggest that the radial distribution of O2 in the arteriolar and venular lumen is 
non-uniform. O2 profiles in the arteriolar lumen maintain a nearly axisymmetric parabolic shape with minimal 
skewing due to an adjacent venule. However, O2 levels in the venular lumen are higher in the region close to 
the arteriolar wall than further away from the wall, and peak O2 in the lumen of the venule deviates from the 
center of the venule towards the arteriolar wall. Our predictions agree with results of experiments by 
Kobayashi et al. who mapped the in vivo profile of O2 saturation in lumens of an arteriole-venule pair having 
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communicating capillaries19.  
 
SUMMARY 
Our results suggest that the capillary bed around the paired arteriole and venule can significantly 
facilitate release of O2 from the vessel pair to the surrounding tissue; it may be an important NO source, aiding 
in sustaining basal NO levels in the tissue and contributing to NO concentration in the arteriolar wall. Our 
simulations also indicate that the distance between the arteriole and venule is an important factor for NO 
transport. Increasing NO production in the venular wall can elevate NO around the arteriole if the distance 
between the arteriole and venule is small. When the distance between two paired vessels is large, NO diffusion 
from venular wall appears to have a very limited effect on NO in the arteriolar wall. 
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TABLES 
Table 1. Definitions for model parameters 
Parameter Range Units Ref. 
Vessel length (LZ) 7500 μm  
Outer radius of arteriolar plasma (R2,a) 47/2 μm 23 
Outer radius of venular plasma (R2,v) 62/2 μm 23 
Thickness of arteriolar plasma layer δp,a =R2,a - R1,a 2 μm 36 
Thickness of venular plasma layer δp,v =R2,v - R1,v 2.5 μm 27 
Systemic hematocrit (Hct) 36.6%  19 
Arteriolar hematocrit (Hcta) 30%  19 
Venular hematocrit (Hctv) 26%  19 
Capillary hematocrit (Hctcap) 17.8%  19 
Vmax at arteriole inlet (Vmax,a) 9315.7 μm/s 19 
Vmax at venule inlet (Vmin,v) 4244.0 μm/s 19 
O2 solubility (αO2) 1.34 μM/Torr 7 
O2 diffusion coefficient (DO2) 2800 μm2/s 47 
NO diffusion coefficient (DNO) 3300 μm2/s 7 
Maximum O2 consumption rate (Qmax) 10 μM/s 40 
Hemoglobin scavenging (λb) at 45% Hct  382.5 s-1 8 
Tissue scavenging (λt) 5 s-1 See text 
Maximum O2 bound to hemoglobin (Cmax) at 45% Hct 8000      μM 47 
FIGURE LEGENDS  
Figure 1. Model geometry. A: View of the 700μm×500μm×7500μm capillary-perfused tissue 
cuboid in which an arteriole-venule pair is embeded; B: Cross-sectional view of the cuboidal geometry: 
arteriolar RBC-rich core (0<((x-xc1)2+(y-yc1)2)0.5<R1,a), arteriolar RBC-poor layer 
(R1,a<((x-xc1)2+(y-yc1)2)0.5<R2,a), venular RBC-rich core (0<((x-xc2)2+(y-yc2)2)0.5<R1,v), venular RBC-poor 
layer (R1,v<((x-xc2)2+(y-yc2)2)0.5<R2,v) and capillary-perfused tissue (((x-xc1)2+(y-yc1)2)0.5>R2,a and 
((x-xc2)2+(y-yc2)2)0.5>R2,v). H is the height and W is the width of the tissue cuboid and the arrows at the 
inlet of the arteriole and venule indicate the longitudinal blood flow direction in the corresponding vessel. 
Lavw is the distance between the two adjacent vessel walls, and Lc1c2=Lavw+R2,a+R2,v. 
Figure 2. The effect of the presence of capillaries surrounding the arteriole and venule on NO 
transport (See text).  
Figure 3. The effect of capillaries surrounding the arteriole and venule on O2 transport (See text).  
Figure 4. Quantitative distribution of NO concentration and PO2 at the intersection of surfaces 
A1A2 and Z=Lz/2 (See text).  
Figure 5. The effect of increasing capillary blood flow on O2 delivery from blood vessels to tissue 
Lavw=100 µm, λtissue =5 s-1, eRNO, aRNO and vRNO were set to be 150 μM/s and normalized blood shunt 
ratio 
0q
q  was set to increase from 0 to 2 using 0.5 increments. Normalized O2 delivery was calculated 
based on O2 delivery at q0.  
Figure 6. The influence of increasing vRNO on NO distribution around the arteriole. The figures 
were plotted along the intersection of surface A1A2 and surface Lz/2. λtissue=5 s-1, q=q0, and eRNO and 
aRNO were set to be 50 μM/s. vRNO was increased from 50 μM/s, to 150 μM/s then to 300 μM/s. In Figure 
27 
6A Lavw=25 μm and in Figure 6B Lavw=150 μm. 
Figure 7. The effect of varying Lz on O2 and NO transport in capillary-perfused tissue embedding 
the arteriole and venule pair. A and B were plotted at the intersection of two surfaces A1A2 and z=Lz/2 in 
the middle length of the tissue cuboid (z=Lz/2). The peak NO concentration and PO2 in the arteriolar and 
venluar wall from A and B were plotted against Lavw in C and D. Lavw was set to increase from 25 to 100 
then to 200 μm. λtissue=5 s-1, q=q0, and vRNO, eRNO, and aRNO were set to be 150 μM/s. 
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